Abstract: A remarkable enhancement of light extraction efficiency in GaNbased blue light-emitting diodes (LEDs) with rough beveled ZnO nanocone arrays grown on the planar indium tin oxide (ITO) layer is reported. The light output power of LEDs with rough beveled ZnO nanocone arrays was increased by about 110% at 20 mA compared with conventional LEDs with planar ITO. The light extraction efficiency of GaN-based LEDs with roughbeveled ZnO nanocones is measured much greater than with smooth-surface hexagonal ZnO nanorods. The light-ray tracing analysis showed that ZnO nanocones with rough surfaces enlarge the light escape cone of GaN-based LEDs and have a greater advantage for extracting light compared with ZnO nanorods. 
Introduction
Solid-state lighting devices have many advantages, such as impressive energy, environmental savings, more reliable performance, and exceptionally long lifetime. Gallium nitride (GaN)-based blue light emitting diodes (LEDs), one of the most promising solid-state lighting devices, have recently attracted a large amount of interest [1] [2] [3] . The light output efficiency (LOE) of GaN-based LEDs is dominated by the internal quantum efficiency (IQE) and light extraction efficiency (LEE) [4] . The IQE of high-quality GaN-based LEDs is very high, typically exceeding 70%. However, the LEE of GaN-based LED is very low due to total internal reflection of the light originating from the active layer [5] . Most of the generated photons are confined inside the LED, absorbed by the LED-chip and lost, degrading the device efficiency. Currently, much effort has been devoted to improving the LEE of GaNbased LEDs for high-brightness, including photonic crystals [5, 6] , surface texturing [7] [8] [9] [10] , flip-chip LEDs [11] , and conductive omnidirectional reflectors [12, 13] . However, these methods involve complex and expensive processes or produce limited enhancement of the LEE.
Recently, a novel and promising method using ZnO nanostructures has been applied to improving the LEE of GaN-based LEDs. Since the refractive index of ZnO (n = 2.0) is close to that of GaN (n = 2.5), and ZnO has a transmittance of over 90% in the visible region [14], the ZnO nanostructures can be used as a graded-refractive index layer to effectively suppress Most of the previous research on ZnO nanorod modification was focused on the growth methods, diameter, length, or density of the nanorods. An important yet neglected factor, the geometric morphology of the ZnO nanostructure which has close relation to the LEE, has been barely studied. Obviously the smooth surface of the ZnO rods can also produce total internal reflection and limit the LEE [19] . According to the conclusion of Masui [29] that among the polygons, the triangle has the least chance to trap light rays, we propose that the cone structure has a higher LEE than hexagonal rods. In this paper, we demonstrate that the LEE of GaN-based LED with rough-bevel ZnO nanocones is much higher than that with smooth-surface hexagonal ZnO nanorods.
Experiments
The geometry and morphology of ZnO nanostructure are sensitive to reaction parameters, such as growth temperature, pH of the precursor, growth time, seed crystals, impurities, etc [30] . We precisely controlled the growth process in this experiment to obtain ZnO nanocone arrays with a roughened surface. Considering the vulnerability of the Ni/Au electrodes to temperature, we chose a low temperature hydrothermal method to grow rough-surface ZnO nanocone arrays on the ITO transparent electrode [31] . A photoresist lift-off process was employed to deposit ZnO nanorod arrays only on the ITO electrode of the p-GaN layer, leaving the rest of the area of the LED-chip free from damage [32] . In order to obtain the ZnO nanocone arrays, a 100 nm thick transparent compact crystalline ZnO seed layer was uniformly sputtered on the ITO transparent electrodes by a magnetron sputtering apparatus before depositing the ZnO nanostructures. 10 mL 50 mM zinc nitrate [Zn(NO 3 ) 2 ] and 10 ml 50 mM hexamethylenetetramine (HMT) [C 6 H 12 N 4 ] were mixed and transferred to a 25 ml Teflon autoclave which was placed into a sealed reaction vessel. The prepared LED wafer was tilted facing down and immersed into the above solution. The reaction vessel was sealed to avoid evaporation of the reaction solution and the reaction system was kept at a stable pressure. The system was heated from ambient temperature to 95 °C for 0.5 h and maintained at 95 °C for 2.5 h in a standard laboratory grade oven. At the end of the reaction, the system was cooled to ambient temperature naturally. The LED wafer was immediately rinsed with de-ionized water to remove any residual salts and dried in high-purity nitrogen at room temperature. Photoresist masking was dissolved by photoresist remover at 55 °C for about 0.5 h. The p and n electrodes, and the lateral faces of the LED dies were exposed to open space. The ZnO nanocone array pattern was grown only on the surface of the ITO transparent electrodes.
For comparison, ZnO nanorod arrays were also prepared by suspending the sample upside-down in a glass beaker filled with the aqueous solution of 50 mM Zn(NO 3 ) 2 and 50 mM HMT at 90 °C for 3 h [14]. The LED wafer was also rinsed with de-ionized water and dried in high-purity nitrogen at room temperature.
Field-emission scanning electron microscopy (FE-SEM) was used to study the geometry and morphology of the ZnO samples grown on the ITO electrodes. The LOP and electrical characteristic of the GaN-based LEDs were measured with an IPT 6000 LED Chip/Wafer Probing System using an on-wafer testing configuration. The system is comprised of an optical parameter analyzer and integrating half-sphere system mounted above the LED chip. In addition, the measuring system can collect most of the light emitted from the LED. The LOP and electrical characteristic was measured on the unseparated LED chips and the EL was measured on the separated LED chips. Fig. 2 . ZnO nanocone arrays with relatively homogeneous size and well-aligned distribution can be clearly observed ( Fig. 2(a) ). The average length and bottom diameter of the ZnO nanocones are 1 µm and 200 nm, respectively. Figure 2(b) shows that all surfaces of the ZnO nanocones are rough and covered with small bulges. Enlarged tilted view of the ZnO nanocones is shown in Fig. 2(c) . It can be seen that the gaps among the cusps of the ZnO cones are large and the bottoms of ZnO nanocones are almost connected. This structure has a large surface area. The vertex angle α of the ZnO nanocones lies between 13 17
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α°< <°. As illustrated in Fig. 2(d) , well aligned ZnO nanorods are clearly hexagonal prisms with smooth surfaces. The average length and diameter of the relatively uniform ZnO nanorods are 1µm and 100 nm, respectively. The distance from the bottom to the top of the ZnO nanorods is nearly the same. ) shows the LOP curves of the GaN-based C-LED, NC-LED and NR-LED as a function of injection current. Every point on the curves is the average of five measured LED chips. The LOP of the NC-LEDs and NR-LEDs are obviously both higher than that of the C-LED at the same injection current within the measurement region. The LOP of the NC-LEDs are greater than for the C-LED by 109.9% at 20mA and by 110.1% at 100mA. The LOP of the NR-LEDs are greater than those of the C-LED by 60.6% at 20mA and 55.6% at 100mA. These results indicate that both the ZnO nanocone arrays and ZnO nanorod arrays can increase the LEE of GaN-based LEDs. Furthermore, the LOP of the NC-LEDs is obviously higher than that of the NR-LEDs at the same injection current. This proves that the LEE of the NC-LED is higher than that of the NR-LED. The increased LEE of the NC-LEDs and NR-LEDs over the C-LED is mainly due to the formation of a textured surface on the LEDs produced by the ZnO nanocones or nanorods. Because the NC-LED and NR-LED have a large number of sidewalls and rough surfaces, photons generated in the MQW region can be guided into the ZnO nanorods or nanocones, experience multiple scattering at the rod or cone surfaces, and readily escape from the device. This can be illustrated in Fig. 5 . In other words, the ZnO nanocone and nanorod arrays enlarge the escape cone for the photons in the NC-LED and NR-LED.
The LOP and EL intensity of the NC-LED are measured to be higher than that of the NR-LED. This can be attributed to the fact that the light extraction ability of the rough beveled ZnO nanocones is higher than that of the ZnO nanorods. In order to study light extraction by the ZnO nanocones and nanorods, we reduce the three-dimensional hexagonal rods and cones to a two-dimensional rectangle and an isosceles triangle, respectively, following the symmetry of the rays travelling in a cone or a rod. To further simplify the problem we only discuss the light extraction from a single rectangle and a single isosceles triangle using light-ray tracing analysis. Finally, we take into account the interaction of adjacent and nearby rectangles or isosceles triangles. Considering the practical situation with ZnO rods and ZnO cones, we impose the following conditions. The height of the rectangle is larger than its width. The vertex angle of the isosceles triangle is α (13° <α <17°) . The critical angle of ZnO is θ c (θ c = π/6). We assume that light rays only penetrate from the base into the rectangle and isosceles triangle, because ZnO rods and cones are grown on the ZnO seed layer. 
(Case 1) The process of rays in rectangle: entering, propagating and leaving
Rays with incident angle θ 0 transmit from the base into the rectangle. The angle of incidence θ 0 of the rays can vary from 0 to π/2. The rays with incident angle θ 1 strike the right side of the rectangle. As shown in Fig. 6(a) , rays with an incident angle θ 1 less than θ c ( < < , the rays will exit at the n-th incidence. This implies open space. This is shown in Fig. 5(b) . Furthermore, the rough beveled surfaces of the nanocones also increase the surface roughness of the LED and increase photon scattering, so that more photons are emitted from the LED surface. In other words, rough beveled ZnO nanocone arrays reduce the Fresnel loss and enlarge the photon escape cone of GaN-based LED compared with ZnO nanorod arrays. We conclude that rough beveled ZnO nanocones have a greater advantage for extracting light than ZnO nanorods.
Conclusion
In summary, we have demonstrated that the LEE of GaN-based blue LEDs with rough beveled ZnO nanocone arrays on the planar ITO layer is greater than that with ZnO nanorods with smooth surface. The LOP of NC-LEDs is greater by about 110% at 20 mA and 100 mA compared with C-LEDs with planar ITO. The LOP of NR-LEDs is greater than that of CLEDs by 60% at 20mA and 55% at 100mA, respectively. The increased light extraction efficiency of NC-LEDs is much higher than that of NR-LEDs. We have analyzed an isosceles triangle has a greater advantage for light extraction than a rectangle by light-ray tracing analysis. In general, light extraction from the geometry of cone is greater than from that of hexagonal rod. ZnO nanocones can reduce the absorbtion of light propagating to adjacent nanocones compared with ZnO nanorods. Furthermore, the rough beveled surface of the nanocones also increases the surface roughness of the LED and increases photon scattering, so that more photons are emitted from the LED surface. This simple and low-cost damage free ZnO nanocone growth process will be valuable for fabricating high-brightness solid-state lighting and other photoelectric devices.
